Abstract Investigation of the amnesic disorder Korsakoff Syndrome (KS) has been vital in elucidating the critical brain regions involved in learning and memory. Although the thalamus and mammillary bodies are the primary sites of neuropathology in KS, functional deactivation of the hippocampus and certain cortical regions also contributes to the chronic cognitive dysfunction reported in KS. The rodent pyrithiamine-induced thiamine deficiency (PTD) model has been used to study the extent of hippocampal and cortical neuroadaptations in KS. In the PTD model, the hippocampus, frontal and retrosplenial cortical regions display loss of cholinergic innervation, decreases in behaviorally stimulated acetylcholine release and reductions in neurotrophins. While PTD treatment results in significant impairment in measures of spatial learning and memory, other cognitive processes are left intact and may be recruited to improve cognitive outcome. In addition, behavioral recovery can be stimulated in the PTD model by increasing acetylcholine levels in the medial septum, hippocampus and frontal cortex, but not in the retrosplenial cortex. These data indicate that although the hippocampus and frontal cortex are involved in the pathogenesis of KS, these regions retain neuroplasticity and may be critical targets for improving cognitive outcome in KS.
the distinction between declarative and procedural memory systems (Squire 1980) . Like temporal lobe amnesics, KS patients show poor performance in tests assessing content memory, but unlike temporal lobe amnesics, they also display impairments in contextual memory (e.g., spatial or temporal relationships between items or events), possibly attributable to alcoholism-related frontal lobe compromise (see Van Tilborg et al. 2011) . Neuroimaging studies demonstrate that the most consistent neuropathology in KS is damage to the diencephalon, particularly to the thalamus and mammillary bodies (Kopelman et al. 2009; Sullivan and Pfefferbaum 2009 ). Indeed, one of the best predictors of memory loss in alcohol-related KS is pathology of the anterior thalamus (Harding et al. 2000) . Damage to the hippocampus is not always observed in KS (Reed et al. 2003; Squire et al. 1990 ; but see Sullivan and Marsh 2003) . However, given that the thalamus is connected to the hippocampus and other limbic regions, the functional distinction between temporal lobe amnesia and diencephalic amnesia has been questioned (Aggleton and Brown 1999; Squire 1982) .
In addition to impairments in hippocampal-dependent tasks, KS patients perform poorly in tasks dependent on frontal cortical systems (Dirksen et al. 2006; Gansler et al. 2000; Oscar-Berman and Evert 1997; Oscar-Berman et al. 2004) . Volumetric MRI analysis of KS brains reveals extensive frontal lobe atrophy (Reed et al. 2003; Christie et al. 1988) , including white matter pathology (Fama et al. 2004 ). The somewhat diffuse pattern of neuropathology in KS patients has made it difficult to determine which brain regions should be targeted for therapeutic intervention.
Whereas preclinical site-specific lesion models have elucidated the relative contributions of different thalamic regions to learning and memory (Aggleton et al. 2011; Dalrymple-Alford 2005, 2006; Savage et al. 2011) , preclinical TD models have increased our understanding of the mechanisms associated with TD-induced neurodegeneration. Over the past three decades, TD models have helped identify key neuropathological features of Wernicke's Encephalopathy (WE) and KS, specific neurochemical and neuropathological consequences of TD and potential therapeutic approaches (Hazell and Butterworth 2009; Vetreno et al. 2011a, b; 2012) .
Several experimental protocols have been used to induce TD in animals: a. a thiamine-deficient diet; b. a thiaminedeficient diet in conjunction with chronic alcohol treatment; and c. a thiamine-deficient diet combined with systemic injections of pyrithiamine, which inhibits thiamine pyrophosphorylation. All three approaches have revealed that TD results in limbic circuit dysfunction in thalamic, hippocampal and associated cortical regions-particularly the frontal cortex. However, the different protocols lead to varying degrees of behavioral dysfunction and neuropathology.
Thiamine-Deficient Diet Thiamine plays a key role in the maintenance of normal cellular function. The brain is particularly sensitive to TD because of its high oxidative metabolism. Thiamine is a necessary cofactor in the production of transketolase, pyruvate dehydrogenase and alphaketoglutarate dehydrogenase (αKGDH), all of which are required for normal cellular function (Hazell and Butterworth 2009) . A thiamine-deficient diet alone requires weeks to months to induce TD-associated neurological symptoms (Troncoso et al. 1981; Witt 1985) ; however, just 9 days on a TD diet reveals in rodents reduced hippocampal neurogenesis (Zhao et al. 2008) . Furthermore, after 14 days there is evidence for a decrease in the number of cholinergic neurons in the forebrain (Zhao et al. 2008 ) and after 30 days levels of acetylcholinesterase (AChE) and cholinergic fibers are reduced in the cortex and hippocampus (Pires et al. 2001; Nakagawasai et al. 2000; . At this time deficits in spatial (Pires et al. 2005 ) and nonspatial memory are observed (Nakagawasai et al. 2000; ; performance on the forced swim test is compromised; and the incidence of muricide increases (Nakagawasai et al. 2001) . Increasing cholinergic tone in these TD-depleted regions by administration of AChE inhibitors (AChE-Is), muscarinic agonists or herbal compounds that increase the level of acetylcholine (ACh) has been shown to improve or restore cognitive abilities in TD mice (Nakagawasai 2005) . A limitation of the TD diet protocol is that it does not result in lesions to the thalamus or mammillary bodies (Troncoso et al. 1981; Witt 1985) . Thus, the TD diet better models the WE phase than the chronic KS phase of Wernicke-Korsakoff Syndrome (WKS).
Thiamine Deficiency and Chronic Ethanol Treatment A handful of studies have assessed the interaction of TD with chronic ethanol exposure in rodents. In such protocols, animals are chronically exposed to ethanol and concurrently receive a diet deficient in thiamine with or without daily injections of pyrithiamine (Ciccia and Langlais 2000; Homewood et al. 1997; Pires et al. 2005) . Generally, TD-whether produced via a TD diet alone or in combination with pyrithiamine-is interrupted before the animal displays extreme neurological signs He et al. 2007 ). It appears that the clinical stages associated with TD in the rodent (i.e., decreased grooming followed by ataxia and, subsequently, impaired righting reflex) progress at a faster rate when rats are also exposed to ethanol (Zimitat et al. 1990 ). Whether ethanol and TD have synergistic effects on pathology depends on the quantified measure. Ventricular size and pathology in the thalamus and hippocampus, as quantified using magnetic resonance imaging, did not show synergism . By contrast, the corpus callosum was thinner and had a higher percentage of small fibers in the ethanol+TD group than in either of the thiamine-or ethanol-alone groups (He et al. 2007) . Similarly, ethanol+TD induced a greater impairment in stimulated (in-vitro) cortical ACh release than either TD or ethanol alone (Pires et al. 2001 ). Kril and Homewood (1993) used a model of prolonged (28 weeks) ethanol exposure in which animals were subject to bouts of mild TD at various time points in the ethanol exposure protocol: early (after 4 weeks), in the middle (after 15 weeks) or late (after 26 weeks). TD at 4 weeks, but not 26 weeks, potentiated loss of neurons in frontal regions, suggesting a critical temporal window when TD synergistically interacts with ethanol toxicity.
Cerebellar Purkinje cells within the vermis are reduced in size and number in patients with alcohol-related KS, relative to uncomplicated alcoholics (Baker et al. 1999; Philips et al. 1987) . Both in vitro and in vitro models support the hypothesis that TD alters the cerebellum: when TD is induced by either amprolium (an inhibitor of thiamine transport; Ke et al. 2009 ) or pyrithiamine (Pannunzio et al. 2000) , cell death occurs in cultured cerebellar granule neurons. Furthermore, the addition of ethanol to the cell culture media potentiated TD-induced cell loss (Ke et al. 2009) . A loss of Purkinje cells and shrinkage of the granular layers of the vermis have been observed after both PTD treatment and long-term exposure (20 months) to ethanol (Irle and Markowitsch 1983) . However, the extent of cerebellar neuropathology following TD and/or chronic ethanol exposure has not been quantified and whether this damage contributes to cognitive or motor learning dysfunction in animal models of alcoholrelated neuropathology has not been determined.
Behavioral measures likewise do not consistently show an interaction between ethanol exposure and bouts of TD. TD causes significant impairments in spatial learning over and above the deficits seen following exposure to ethanol alone (Pires et al. 2005 ) with a nonsignificant trend for intensified behavioral deficits in TD+chronic ethanol exposure. Importantly, TD and chronic ethanol produced differential cognitive dysfunction: chronic ethanol alone increased perseverative errors and impaired working memory on both delayed non-matching-and matchingto-sample tasks (DNMTS, DMTS), whereas TD alone only impaired working memory on the DMTS task (Ciccia and Langlais 2000). Reversal learning was compromised to the greatest extent in ethanol+TD rats, suggesting that cognitive flexibility may be one behavioral measure that is sensitive to the synergistic interaction between TD+ethanol.
In summary, given the limited number of studies and the variations in treatment parameters (e.g., ethanol concentration, exposure duration, extent of TD) among studies using the TD+ethanol exposure paradigm, the results are fairly inconclusive (see Vetreno et al. 2011a) . When structures such as the hippocampus or thalamus are functionally or structurally assessed using in vivo models, no significant evidence exists for a synergistic interaction between TD and ethanol. The lack of synergistic effects between TD and other factors such as advanced age or ethanol toxicity is most likely due to the fact that severe TD disrupts the thalamic-hippocampal circuit to a point that further dysfunction would not be compatible with survival (see Pitkin and Savage 2001) . However, when TD is mild to moderate, ethanol does exacerbate both white matter and gray matter pathology in forebrain regions. Furthermore, the in vitro data suggest that the cerebellum is sensitive to the compounded effects of TD+ethanol; however, this claim needs to be supported by in vivo evidence. Additional research is needed to determine optimal treatment parameters as well as the most sensitive neuropathology and behavior markers to use in the evaluation of the combined effects of ethanol exposure and TD.
Pyrithiamine-Induced Thiamine Deficiency (PTD) When a TD diet is combined with systemic injections of pyrithiamine, the progression of the neurological sequelae of TD is accelerated: Within 15 to 18 days, rodents display a stereotyped progression of neurological symptoms that have been mapped to specific pathological changes in anatomy and neurochemistry (Zhang et al. 1995; Hazell and Butterworth 2009) . Lesion progression and neurochemical alterations in the thalamus and mammillary bodies (outlined in Fig. 1 ) occur along a relatively well-established time course. Neurochemical dysfunction is also observed in the hippocampus, and there is evidence for degeneration in key limbic system fiber tracts and limbic cortical regions (Anzalone et al. 2010; Langlais and Savage 1995) . The permanent neurological features of PTD in rodents mimic the persistent brain pathology and behavioral dysfunction described in humans with KS (Witt 1985; Vetreno et al. 2011a, b; 2012) .
In the following sections, the proposed mechanisms of neuropathology, neurodegeneration and cognitive impairment in the PTD model will be outlined. Additionally, recent neuropharmacological data revealing the critical involvement of the hippocampus and frontal cortex in TD, and their potential roles as targets for therapeutic intervention, will be discussed.
Brain Changes Associated with the PTD-Induced Thiamine-Deficient State

Mechanisms of Cell Death in the PTD Model
Thiamine is critical for normal cellular functioning due to its key role in cellular respiration; TD can result in cell death. Possible, interrelated mechanisms underlying TD-induced neurodegeneration include impaired glucose metabolism, oxidative stress, glutamate excitotoxicity and inflammation (Hazell and Butterworth 2009; see Fig. 1) . TD can reduce levels of thiamine pyrophosphate (TPP), which is a coenzyme and catalyst for a number of reactions involved in glucose metabolism (Héroux and Butterworth 1995; Vetreno et al. 2011a; Todd and Butterworth 1999) . For example, an enzymatic derivative in the citric acid cycle, αKGDH, is decreased in TD (Butterworth and Héroux 1989) . As αKGDH is critical in the oxidation of glucose, diminished levels have been associated with cell death (Gibson et al. 1984) . The TD brain also shows evidence for a number of markers of oxidative stress, including peroxynitrite, a strong oxidizing free radical (Hazell and Butterworth 2009 ). Peroxynitrite can alter glutamate transport proteins, thereby inhibiting their function (Volterra et al. 1994) leading to increased concentrations of extracellular glutamate. Indeed, brain regions vulnerable to TD demonstrate high levels of extracellular glutamate (Hazell et al. 1993; Langlais and Zhang 1993) , and lesion profile in the thalamus is consistent with glutamate excitotoxicity (Armstrong-James et al. 1988; Zhang et al. 1995) . TD is also associated with increases in a number of indices of inflammation such as pro-inflammatory cytokines, chemokines and interferons Butterworth 2009). Hazell and Butterworth (2009) have suggested that activation of inflammatory markers may underlie the regional selectivity of thalamic damage in TD. Furthermore, increases in an inflammatory mediator, nitric oxide, are associated with decreased levels of αKGDH (Gibson et al. 1999) . Thus, it is likely that many such mechanisms interact synergistically to induce cell death in TD. Parsing the unique and interactive effects of these mechanisms may result in a more thorough understanding of the pathology associated with TD.
Progress of Brain Pathology in the PTD Model
The diencephalon is the most studied brain region in TD due to the characteristic lesions observed in the thalamus and mammillary bodies and the association between these structures and the behavioral disturbances observed in KS (Langlais et al. 1996a, b) . Although the thalamus is the first region to display neuronal degeneration in PTD models (Watanabe 1978; Armstrong-James et al. 1988) , the severity and the specificity of the damage can vary among PTDtreated rats.
In the PTD model, the first symptom of TD is weight loss that begins typically on day 10. This is followed by Hazell and Butterworth (2009) loss of the righting reflex (days 12-13), severe ataxia (days 13-16) and dystonic posturing and convulsions prior to or during the excitotoxic event (Zhang et al. 1995) . The timing of thiamine repletion after an acute TD episode is critical in determining the extent of neuropathology (Zhang et al. 1995; See Fig. 2) . There is little evidence for persistent behavioral impairments if rats are treated with thiamine prior to experiencing seizures (Pitkin and Savage 2001) .
At the early acute stage (EAS) of the PTD model, degenerative changes occur in the gelatinosus and anteroventral ventrolateral nuclei of the thalamus, both of which undergo rapid neuronal loss (see Zhang et al. 1995) . Within 1 to 2 h following seizure onset, the brains of PTD-treated rodents exhibit lesions in the ventral and posterior nuclear groups of the thalamus that are characterized by severe neuronal loss and pale neuropil. At the middle acute stage (MAS), 3 to 5 h following seizure onset, similar lesions are observed in the central medial, interoanteromedial and paracentral nuclei of the thalamus. Within the rostral intralaminar nuclei, neuronal loss appears complete (see Fig. 3-d) . In the late acute stage (LAS), six to 14 h following onset of seizures, such lesions are present throughout the entire extent of the thalamus-that is, in the: i. anterior group (anteroventral, ventrolateral and anterior medial); ii. ventral nuclear group (ventral posterolateral, ventral posteromedial, ventral lateral and gelatinosus); iii. intralaminar group (central medial, paracentral and centrolateral); and iv. posterior group (parafascicular, posterior, medial geniculate and medial-lateral mammillary body). Damage includes neuronal loss, vascular proliferation, mild gliosis, spongiform changes and tissue loss. Fig. 2 Summary of the progression of neuropathology within the thalamus as a function of PTD treatment (based on experimental data from Zhang et al. 1995) . Although whether the seizure is a symptom or propagator of glutamate excitotoxicity is debated, it can be used as a time marker for progression of brain pathology
Chronic Sequelae of PTD Treatment
Brain Pathology and Neurochemical Adaptations in the PTD Model
Diencephalon
During the recovery phase, 2 to 3 weeks following acute PTD, the third ventricle is enlarged. There is evidence for considerable neuronal loss (50-90%) in the anterior thalamic nuclear group (AT) and in particular in the anteroventral nucleus (Langlais and Savage 1995) , which can be visualized clearly with immunohistochemical staining for the neuron-specific nuclear protein ([NeuN], see Fig. 3-b) . Lesions and consequent gliotic scarring are observed in the intralaminar region (IML) including the central medial, paracentral, parafascicular, central-lateral (central part) and posterior medial (medial part) nuclei (Armstrong-James et al. 1988; Langlais and Mair 1990; Langlais et al. 1996b ). The mammillary bodies (MB) are atrophied (Witt 1985) , likely because of neuronal loss (>50%) in the medial nucleus (Langlais et al. 1996a, b) . There is sparing of the lateral nucleus of the MB (Langlais and Savage 1995) .
Damage to three diencephalic nuclei (AT, IML, MB) is proposed to underlie the learning and memory impairments observed in PTD-treated rats (Burk and Mair 2001; Mair et al. 1998; Savage et al. 1997; Vann 2010 ). Animals exposed to PTD are commonly categorized into two groups: those that have extensive cell loss and gliotic scarring throughout the internal medullary lamina region (IML-lesioned) and those that have some cell loss and gliosis within the IML, but no gliotic scarring (IML-spared). It was originally thought that an extensive midline lesion was required in order to observe significant behavioral impairment (Langlais et al. 1992; Mair et al. 1991a; Mair 1994) , but moderate thalamic pathology (i.e., IML-spared) has also been associated with mild but functionally significant impairment (Langlais and Savage 1995) . Indeed, while IML-lesioned PTD animals demonstrate a significant decrease in spontaneous alternation and impaired learning of both the initial spatial non-matching-to-position (NMTP) rule and the reversal to matching-to-position (MTP) rule, IML-spared PTD rats are only impaired in the acquisition of NMTP. Furthermore, PTD rats with moderate thalamic cell loss perform worse than pair-fed controls on the operant delayed MTP task (Savage et al. 1999) . Since IMLlesioned and IML-spared PTD rats have the same degree of neuronal loss in the anterior thalamus (Langlais and Savage 1995) , it may be that the anterior thalamus is responsible for some working memory impairment observed in PTD rats (Savage et al. 2011) .
Long-term neurochemical alterations persist in the thalamus even after thiamine repletion, including significant reductions in overall GABA and glutamate levels in the midbrain thalamus ). Héroux and Butterworth (1988) found decreases in thalamic GABA levels 3 days after recovery from TD in the PTD model, and similar reductions have been observed 9 weeks after recovery ). However, the GABAergic and glutamatergic systems are not the only ones with proposed roles in the dementia associated with KS and PTD. Significant increases in serotonin and its metabolite have also been observed in the thalamus of PTD-treated rats , and thalamic serotonergic dysfunction has been associated with impaired acquisition on a spatial task (Vigil et al. 2010) . By contrast, Mair et al. (1985) reported no change in norepinephrine and dopamine concentrations in the medial thalamus of PTD-treated rats.
Overall, it appears that the TD-induced neuropathology in the diencephalon leads to alterations in several neurochemical systems.
Hippocampus
Early reports examining the cytostructural integrity of the hippocampus following PTD treatment reported no gross neuropathology (Langlais et al. 1992; Mair et al. 1991b ). However, recent in vivo MRI animal studies have revealed a hyperintense tissue response in the hippocampus (in addition to the thalamus and mammillary bodies) after PTD treatment that persisted for at least 1 month post treatment ). Moreover, our laboratory has demonstrated altered hippocampal cytogenesis in the PTD model (Vetreno et al. 2011) . PTD treatment increased progenitor cell proliferation and survival immediately following, but not during, PTD treatment; however, this compensatory response did not translate into spared neurogenesis. On the contrary, neurogenesis was reduced at this early phase of recovery and at 28 days post treatment, at which time astrocytogenesis also increased. These data advocate either of two positions: i. damage to the thalamus alters hippocampal neurogenesis, or ii. hippocampal function is altered by another mechanism. Although the reason for the persistent decrease in hippocampal neurogenesis after PTD is unknown, we now have evidence of a compromised neurotrophic environment in the hippocampus of PTD-treated animals (see Fig. 4 ), including a chronic reduction in brain-derived neurotrophic factor (BDNF) protein expression (Vetreno et al. 2011a, b) . BDNF is known to play a critical role in neurogenesis by enhancing the survival and maintenance of newly generated neurons (Cotman and Berchtold 2002; Lee et al. 2002; Nonner et al. 1996; Sairanen et al. 2005) . Furthermore, degeneration of the major limbic system fiber tracts-including the fimbria/ fornix and mammillothalamic tract that connect the thalamus, mammillary bodies and hippocampus-has been shown in the PTD model and likely leads to a loss of stimulation (Langlais and Zhang 1997) .
Studies from our laboratory (Anzalone et al. 2010; Roland and Savage 2007; Roland et al. 2008; Savage et al. 2003 Savage et al. , 2007 Vetreno et al. 2008 ) have also consistently documented a functional impairment in hippocampal ACh release in PTD rats (see Fig. 5 ). While basal levels of ACh are unaffected by PTD treatment, dysfunctional ACh efflux is observed when rats are cognitively challenged, reflecting a selective activity-dependent hippocampal impairment after TD. This is supported by our recent data demonstrating that following maze training PTD rats have fewer hippocampal cells in the dentate gyrus and CA 3 region that stain positive for the activity-dependent immediate early gene c-Fos (Fig. 5) .
In summary, it appears that, despite the absence of gross lesions or loss of mature neurons in the hippocampus Fig. 4 Confocal microscopy image (with orthogonal views) of Bromodeoxyuridine+cells (BrdU+; green) in a PTD brain co-localized with the cells immune positive for the neuronal marker NeuN (Neuronal Nuclei; red) in the subgranular zone (SGZ) of the dentate gyrus. PTD treatment produces a significant deficit in spontaneous alternation (a), chronically decreases hippocampal brain-derived neurotrophic factor (BNDF; b) and reduces hippocampal neurogenesis (c). Co-localized labels of BrdU/NeuN appear yellow and can be confirmed in all three projections (d) following PTD treatment, the internal milieu of the hippocampus is altered by TD in such a way that it is unable to respond adequately to behavioral demands.
Cortex
Although structural abnormalities in the cortex following PTD have been documented, only recently has this pathology been directly implicated in the behavioral consequences of PTD. Prior to the MAS in PTD, there is extensive degeneration of axons in layers III through IV of the frontal and parietal cortices and moderate degeneration in layers IV through VI of the frontal, parietal, cingulate, temporal, retrosplenial, occipital and granular insular cortices (Langlais and Zhang 1997) . Le Roch et al. (1987) similarly demonstrated neuronal degeneration in laminae III and V of the neocortex following PTD treatment. In addition, an electron microscopy study revealed splitting of myelin sheaths and shrinkage of cortical neurons within the cerebral cortex of PTD rats (Takahashi et al. 1988 ). Finally, a study by Langlais and Savage (1995) showed that PTD rats with significant IML lesions display thinning of the frontal and parietal cortices as well as the corpus callosum. Thus, both cortical gray and white matter are significantly disrupted by PTD treatment.
Cholinergic dysfunction within the cortex is evident in rats exposed to PTD treatment: both AChE activity and in vitro ACh release are decreased in the cerebral cortex of PTD rats and the level of cortical AChE activity was found to correlate with poor spatial memory performance (Pires et al. 2005) . Furthermore, stereological analysis of AChE fiber density revealed a 25% reduction in the medial frontal cortex and an 18% reduction in the retrosplenial cortex of PTD treated rats compared with pair-fed controls (Anzalone et al. 2010) . This reduction in AChE fiber density was associated with shrinkage of midline thalamic tissue. Interestingly, the frontal and prefrontal cortical areas display the greatest reductions in behaviorally activated ACh efflux after PTD treatment (see Fig. 6 ). In addition, spontaneous alternation performance correlates with ACh efflux in the medial frontal cortex but not in the retrosplenial cortex, suggesting that depressed cholinergic activity in the frontal cortex contributes to the behavioral impairment observed in the PTD model.
The cortical glutamatergic system is also altered by PTD. In a study by Carvalho et al. (2006) , TD, but not chronic ethanol consumption, in rats impaired performance on the Morris water maze and decreased in vitro glutamate uptake in the prefrontal cortex. Thus, it appears likely that the severity of cortical dysfunction and behavioral deficits in PTD is modulated through both cholinergic and glutamatergic systems.
Examination of the literature suggests a few possible mechanisms by which cortical alterations may contribute to cognitive decline in the PTD model and in human KS. First, reduced cholinergic innervation of the cortex from the basal forebrain may contribute to diminished cortical ACh functioning (Arendt et al. 1983; Anzalone et al. 2010; Harper and Kril 1993) . Second, damage to key thalamic regions by PTD treatment may alter both ACh-dependent feedback synapses within cortical circuits and the release of glutamate from thalamocortical afferents (Savage 2012) . Third, given reduced levels of BDNF in the frontal cortex of PTD rats (Vetreno et al. 2011a ), decreased neurotrophin signaling may result in a broad decrease in cortical plasticity. A considerable body of evidence suggests that functional deactivation in the cortex may be a critical element in the devastating behavioral consequences of TD.
Cognitive Dysfunction in the PTD Model
An array of PTD studies has exposed behavioral impairments that are remarkably similar to those of KS patients. Rats recovered from PTD are impaired on tests of spatial memory, including delayed alternation (Mair et al. 1985) , spontaneous alternation (Savage et al. 2003) , spatial matching-and non-matching-to-sample (Mair et al. 1991a, b; Robinson and Mair 1992 ) and acquisition of a water maze task (Langlais et al. 1992; Pires et al. 2005) . Deficits are also observed on olfactoryand auditory-based matching-and non-matching-to-sample tasks (Mair et al. 1991a, b) and avoidance tasks (Langlais et al. 1992) .
Observations of impaired spatial navigation learning assessed by the Morris water maze (Langlais et al. 1992; Pires et al. 2005; Carvalho et al. 2006 ) have revealed that recovered PTD rats have difficulty shifting strategies due to perseveration of a previous learned behavior. Nevertheless, the animals were eventually able to master this task, unlike other tasks in which a significant proportion of PTD-treated rats displayed persistent learning/memory deficits such as spontaneous alternation (Savage et al. 2003) , shock avoidance (active and passive) or spatial delayed alternation (Mair et al. 1985) . These variations in the effects of PTD treatment are likely a product of differences in task demands. For example, successful performance on a delayed alternation task requires the animal to learn a win-shift rule relies heavily on working memory; by contrast, the demands on working memory are minimized in a water maze task in which the location of a hidden platform does not change across trials (Langlais et al. 1992) . The foregoing studies suggest that PTD-induced neuropathology primarily affects the performance of tasks that have heavy demands on episodic working memory. Episodic memory, a type of explicit memory for a past experience of an event and/or location, in rodents is subserved by the diencephalic-temporal lobe axis (see Aggleton 2008) , which the AT and MB are critical components. It is presumed that the severe damage that occurs to those diencephalic regions and the associated reduced activation of the retrosplenial cortex after PTD treatment is the reason why such severe memory deficits persist on such tasks.
While an impaired capacity for learning is an established consequence of PTD, the effects of TD on retrograde memory are still unclear. In one of the few studies to assess retrograde memory in PTD-treated rats, subjects displayed normal retention of a hidden-platform water maze task that was initially learned over a two-week period just prior to the commencement of PTD treatment (Langlais et al. 1992 ). These results were echoed by another study in which neither ethanol nor TD nor a combination of both induced retrograde amnesia (Pires et al. 2005) . On the other hand, deficiencies in retrograde memory were suggested by a study in which PTD animals were unable to reacquire a spatial delayed alternation task that they had learned prior to treatment (Mair et al. 1985) . The manifestation of retrograde memory loss may thus be dependent on task type, lesion intervals, and other factors.
Three hypotheses on the localization of the neural dysfunction responsible for the cognitive impairments reported in TD and KS have been formulated (see Béracochéa 2005) . The first posits that the relevant functional damage is restricted to the diencephalon. Lesion studies have indicated that the midline thalamic region, in particular the IML, is critical for memory performance (see Mair 1994) . A second hypothesis is that TD affects temporal lobe structures, including the hippocampus, and that diencephalic amnesia arises from disrupted connections between the diencephalon and the medial temporal lobe (Béracochéa 2005; Savage et al. 2003) . Evidence suggests that even discrete diencephalic damage alters the activation of other regions, in particular the hippocampus. Our laboratory has demonstrated that the hippocampus is functionally impaired when PTD-treated rats perform a spontaneous alternation task (Savage et al. 2003) or learn a NMTP task . A third hypothesis is that functional impairments resulting from TD are widespread and encompass multiple cortical areas (Paller et al. 1997) . In vivo studies have demonstrated that under certain behavioral demands, cortical regions are not fully activated in PTD rats. Anzalone et al. (2010) showed that behaviorally evoked ACh efflux is blunted not only in the hippocampus but also in two critical cortical regions (the medial frontal and retrosplenial cortices) in the PTD model; another study reported a significant correlation between cortical ACh activity and distance from the platform in the Morris water maze (Pires et al. 2005) . Such data support the theory that although there are no overt lesions in the hippocampus, retrosplenial cortex or frontal cortex in the PTD model, these regions have reduced activity-dependent neural response (neurotransmitter release and c-Fos immunoreactivity). Such "functional lesions" contribute to the cognitive impairments observed with diencephalic damage.
Spared and Rescued Cognitive Functions in the PTD Model
Spared Cognitive Functions
As with KS patients, PTD-treated rats show preserved and even enhanced performance on some learning and memory tasks, including simple discrimination ) and response tasks ) and some types of Pavlovian associative tasks. Such tasks are known to be independent of hippocampal function. For example, PTDtreated rats learning a left-right discrimination task demonstrated an accelerated release of ACh in the striatum and a trend toward accelerated learning relative to control rats . Similarly, no learning or memory deficits were observed when PTD rats were trained using a Pavlovian procedure pairing unique rewards (rat chow vs. chocolate milk) with to-be-remembered locations (left vs. right) on either a maze or operant delayed MTP task (Langlais and Savage 1995; Savage and Guarino 2010) . Pairing unique rewards with specific locations enabled PTD-treated rats to learn the maze task at the same rate as control rats; without such pairing, PTD rats require about twice as many trials to learn this task (Langlais and Savage 1995) . On the operant delayed MTP task, PTD rats trained with unique rewards actually outperformed control rats (Savage and Guarino 2010). Thus, training protocols that incorporate Pavlovian-based learning appear to "immunize" PTDtreated animals against memory impairment, suggesting that these cognitive demands recruit neural circuits involving structures (such as the amygdala) that are resistant to PTDinduced pathology (Savage and Ramos 2009) . Clearly, these data have implications for the development of behavioral strategies for individuals with KS (see Hochhalter et al. 2001 ).
Pharmacological Promotion of Cognitive Recovery
Several lines of evidence suggest that the learning and memory deficits seen in the PTD model are a consequence of neurochemical dysfunction, particularly of the cholinergic and glutamatergic systems. Our laboratory has demonstrated a 25% to 30% loss of choline acetyltransferase (ChAT)-positive neurons in the medial septum/diagonal band of PTD-treated rats Savage 2001, 2004; Roland and Savage 2009 ) and reduced cholinergic innervation of the hippocampus and cortex (Anzalone et al. 2010 ). This neuropathology likely contributes to the diminution of functional ACh efflux in the hippocampus and cortex that correlates with poor performance on spatial tasks (Vetreno et al. 2011a ). Similar results have been found for rats fed only a TD diet; in vitro stimulation studies have revealed less ACh release from the hippocampal and frontal cortical tissue of TD rats compared with controls (Pires et al. 2005) .
Whereas drugs that enhance cholinergic activity, such as AChE-Is, have had limited success in improving cognitive functioning in KS patients (Cochrane et al. 2005; Iga et al. 2001) , site-specific targeted drugs that increase ACh function have resulted in significant or complete recovery of cognitive functioning in the PTD model (see Fig. 7 ). Two cholinergic targets affected by PTD treatment, the hippocampus and cortex, have been the focus of several recent studies. Systemic or intrahippocampal injections of the AChE-I physostigmine completely eliminated PTD-associated behavioral impairment (Roland et al. 2008) . Similarly, decreasing GABA inhibition of the septohippocampal pathway by intraseptal infusion of bicuculline (a GABA A antagonist) increased hippocampal ACh release and resulted in complete behavioral recovery in PTD animals (Roland and Savage 2009 ). Although both Fig. 7 Acetylcholinesterase inhibitors (AChE-Is) acutely infused into the hippocampus (a: 40 ng, ∂00.97), medial septum (b: 5 μg, ∂00.99) and medial frontal cortex (c: 1 μg, ∂03.14) all significantly increased spontaneous alternation performance in PTD rats. However, infusion of the AChE-I physostigmine into the retrosplenial cortex did not improve cognitive outcome (d: 1 μg), although it increased ACh levels. *Significant (P<.01) difference between PF and PTD rats in the saline condition;^Significant (P<.05) drug recovery in PTD rats. For comparisons across studies, Cohen's effect size (∂) is reported. Dose response curves for all AChE-Is were conducted for behavior and ACh efflux. Only the maximum effective dose is shown for each drug condition systemic and intraseptal administration of the AChE-I tacrine dose-dependently improved spontaneous alternation behavior in PTD-treated rats, only systemic administration completely eliminated the behavioral deficit (Roland et al. 2010) , suggesting that areas outside of the septohippocampal pathway are also involved in pharmacologically induced recovery.
Given significant reductions in ACh efflux in the limbic cortical regions of PTD rats during cognitive challenges, we recently sought to determine whether cognitive abilities could be restored by increasing cholinergic tone in the frontal or retrosplenial cortex. Interestingly, increased ACh levels in the frontal cortex, but not in the retrosplenial cortex, were associated with recovered spatial memory in PTD rats (Savage 2012 ). Thus, not all "functionally lesioned" structures are appropriate targets for therapeutic intervention. Because we believe that intact circuitry is necessary for cholinergic stimulation to be effective in brain-damaged subjects, we feel that regions that are "functionally" lesioned (septum, hippocampus, frontal cortex) rather than "structurally" lesioned (thalamus, mammillary bodies) by PTD may be the most credible targets for neurochemical modulation to improve behavioral outcomes.
Enrichment
Recently, environmental enrichment has been suggested as a natural promoter of neural plasticity that can aid the recovery of cognitive performance in both animal models of memory dysfunction and humans in the early stages of memory loss (Heyn et al. 2004) . Although there are no published studies assessing the effects of environmental enrichment or exercise on animals with TD-or PTDinduced brain pathology or cognitive dysfunction, there is evidence that exercise prior to binge alcohol exposure (Leasure and Nixon 2010) or during chronic alcohol exposure (Crews et al. 2004 ) does protect against alcoholinduced hippocampal cell loss.
In addition, environmental enrichment has been shown to have beneficial behavioral effects in animals following neurotoxin-induced lesions to the anterior thalamic nuclei (ATN), an area of critical damage in PTD and KS. Loukavenko et al. (2007) showed that rats recovering from ATN lesions exhibited better performance when exposed to enriched housing, and a subsequent study suggested that enrichment improves the ability of AT-lesioned rats to update spatial maps (Wolff et al. 2008) .
Given the loss of neurogenesis and BDNF in the PTD brain, investigation of the effects of environmental enrichment and exercise on brain and behavioral function in PTDtreated animals is of considerable interest. Indeed, voluntary exercise following traumatic brain injury in rats has been shown to reduce learning impairments on the Morris water maze task and to lead to upregulation of BDNF (Griesbach et al. 2004) , and a more recent study demonstrated that the ameliorative effects of exercise on memory following brain injury are dependent on BDNF activation (Griesbach et al. 2009 ). These data, combined with evidence that voluntary exercise increases neurogenesis (specifically precursor cell proliferation in the adult hippocampus; Fabel et al. 2009 ), encourage investigation into enrichment as a means of diminishing the behavioral deficits in the PTD model. An understanding of the mechanisms involved may lead to valuable insights into therapeutic remedies for KS, and research in our laboratory aimed at revealing these mechanisms is ongoing.
Conclusions
The PTD model of KS has provided a means to a more thorough understanding of the brain structures involved in learning and memory and has implicated not only diencephalic structures but the hippocampus and frontal cortex in the cognitive deficits associated with PTD and KS. However, the PTD brain also demonstrates functional plasticity and an ability to compensate for memory deficiencies when task demands permit (for example, through the use of spared striatal-and amygdalar-based circuits). Finally, our work has shown that although the functional integration of the limbic system (thalamus, hippocampus and cortex) is compromised with PTD, the hippocampus and frontal cortex are able to respond when cholinergic tone is increased via direct pharmacological manipulation, and cognitive function may be thus restored.
The application of models of human pathological conditions not only permits insight into the neuroanatomical and neurochemical underpinnings of cognitive dysfunction, but also provides a glimpse into the plastic properties of the brain that remain despite insult. Greater understanding of the mechanisms of plasticity that are critical for learning and memory and for cognitive adaptation will aid in the development of treatments for memory disorders in humans.
